Abstract -Objective of this paper is to provide design recommendations to improve the performance and power density of a 400kVA salient-pole synchronous generator, without exceeding the limitations due to critical parameters such as total harmonic distortion of the no-load voltage. Preliminarily, a finite-element analysis of the considered machine is carried out, aiming at validating the inherent model against experiment measurements. An in-detailed sensitivity analysis of the machine's design parameters that mostly affect the performance of the platform under investigation is performed. It has been found that the position and the shape of axial ventilation ducts, as well as the stator slot shape do not affect the electromagnetic performance in a significant way and it can be highly beneficial from a thermal point of view, resulting in reduced rotor temperatures. Additionally, the shape of the salient poles and the damper winding arrangement can produce positive effects on the general performance, particularly allowing for an improved voltage THD and power density of the machine being studied in this paper.
I. INTRODUCTION
OUND field salient-pole synchronous generators (SGs) have been proved to be a reliable and efficient power generation source [1] . High demands for higher power density and efficiency leads to more research effort to be spent on these extensively studied classical machines.
Being such a consolidated technology, many power density and efficiency improvements options have been proposed in literature. In this context, several aspects such as the thermal management, different winding configurations, the rotor pole shape and the damper cage topology have been widely considered. It is well known that the thermal performance of an electric machine has a great effect on the insulation material's life time [2] and the overall efficiency. Therefore, reduced temperature or increased cooling could result in better performance and higher power density [3] .
Stator winding configuration can have a significant effect on the magnitude of the fundamental harmonic of the output voltage and its higher order harmonics. For example, twothird short pitching cancels the triplen harmonics, however, at cost of significantly reducing the fundamental voltage. On the other hand, five-sixth short pitching attenuates 5 th and 7 th harmonics , without resulting in a significant reduction of the output voltage [4] . Some strategies for winding configuration has been proposed such as a combined concentrated and overlapped winding structure. [5] . This winding configuration helps to reduce the space harmonic contents presented in the airgap flux density. The geometry of the stator slots and rotor poles can also affect the performance of electrical machines. The flux lines distribution can be modified and the hysteresis and eddy current losses can be significantly varied. In [6] , the geometry of the stator slots has been optimized to achieve the optimum torque production while achieving the minimum amount of losses possible. In addition, the geometry of rotor poles also influences the airgap flux density. In fact, by optimizing the shape of salient poles, harmonic content of airgap flux density can be strongly reduced at a cost of an increased leakage flux [4] . All these methods can be considered as options to increase both power density and efficiency of the SG being studied in this paper.
In addition to the method presented above, the damper winding design has been proved to be of a great effect on the overall performance of SGs [7] . The THD of the no-load output voltage can be improved by appropriately designing this additional rotor winding [8] . Currents and inherent losses can be induced in the damper bars, especially in large SGs where the stator core is typically featured with an openslot structure, resulting in a negative impact on the overall efficiency of this machines [9] . Conventional methods for estimating damping current includes dq equivalent circuit approach, permeance models and numerical integration method [9] - [11] . With the fast development of the computing resources, finite element method is used to analyse the effects that various damper winding configurations have on the voltage THD and associate damper bar losses. In particular, [12] shows that some damper cage features have a significant effect on the THD and the overall efficiency of a machine. A new damper winding topology is proposed in [7] aiming at reducing the damper cage losses whilst keeping the THD of the no-load voltage under acceptable limits.
It is clear from above that there is a revamped interest in renewing the design of such classical machine, making it still an ideal vessel of ongoing research. This paper therefore aims at proposing design recommendations for a 400kVA SG to increase its power density without compromising some of the most critical parameters such as the THD of the no-load output voltage and the overall efficiency.
II. THE FINITE ELEMENT MODEL AND ITS VALIDATION AGAINST EXPERIMENTAL RESULTS
The generator being studied in this paper is a four-pole machine designed for various power generation purposes such as oil gas, marine and standby application. This machine has a rated apparent power of 400kVA and is designed to operate at different output voltage and current levels and operating frequencies. A detailed 2-D finite-element (FE) model of the platform is build and then validated against experiment data, when operating at 50Hz, 0.8 power factor and rated output voltage. A graphical description of the FE model is shown in Fig. 1 . As shown in Fig. 1 , taking advantages of all the symmetries that characterise the considered SG, only a quarter of the machine is modelled to minimise the computational time. Special focus is given to the damper cage modelling as this winding significantly affects the voltage waveform [13] . The rotor bars are connected in parallel through short-circuiting end connections. In addition, solid damper bars allow for the skin effect to be taken into consideration and thus ensures for an increased accuracy. In fact, it is important to analyse the damper bar losses as they give a qualitative indication of the thermal performance of the analysed machine.
Another major feature of the considered SG is the axial skewing which is applied to the stator core. This allows to maintain the THD of the line-to-line voltage under required standard level. In order to model this feature, the multisimulation method [14] is used, where a set of 2-D slices with appropriate shift between rotor and stator are created and then post-processed by using averaging processes.
The FE model validation exercise is described in the following sections, where the no-load and the full-load results are compared against available experimental measurements. 
A. Open circuit characteristics
The open circuit characteristic is attained by measuring the voltage at the stator output terminals at different values of the rotor excitation current. Accurate simulation results are achieved by using transient with motion, as this allows to account for all the harmonic components of the output voltage. Fig. 2 compares the FE and experimental outcomes. FE results closely follow the experimental curve.
B. Total harmonic distortion of output voltage
It is of paramount importance to evaluate the THD of the output SG's voltage at no-load operation, as it indicates the quality of the voltage waveform. To reach acceptable THD values, the machine is equipped with a skewed stator. Fig. 3 shows how the FE-evaluated THD of the line-to-line voltage, (when the machine is working at no-load and the rated voltage is induced at stator terminals,) can be affected by the number of slices simulated. This sensitivity analysis shows that the THD steadies at approximately 1.3% which is very similar to the experimentally-evaluated value that is  1.5%. 
C. Full-load results
The FE model described above comprises flexibility in terms of simulating different loading operating conditions. To simulate the on-load operations, circuital load resistances and inductances are used in the circuit coupled to the FE model, according to the targeted power factor, terminal voltage and apparent power. TABLE I shows a comparison between simulation results against experimental data regarding to full-load output voltage and current. A good agreement between simulation results and experimental data is observed, where the maximum error (3.75%) is registered at unity power factor. It can be concluded that the FE model is validated for this machine.
III. SENSITIVITY ANALYSIS FOR POWER DENSITY

IMPROVEMENTS
Section II has shown the validity of the FE model, achieved by comparing the simulation and experimental results. The validated model can therefore be used to perform the sensitivity analysis on the machine design parameters which mostly affect the power density. The concerned parameters that can potentially improve the machine performance from a thermal, mechanical and electromagnetic points of view include  The position, diameter and the shape of axial ventilation ducts;
 The angular span of rotor poles;  The shape of rotor poles;  The shape of stator slots;  The tangential position of the damper bars;  The radial distance of the damper bars from the centre of the machine. All these aspects are investigated in the following sections, aiming at finding possible improved designs of the platform analysed in this paper.
A. Improved cooling ventilation ducts
In Fig. 1 , the field map and the flux lines distribution of the considered SG at no-load condition have been shown. It can be observed that absolute value of the flux density on the rotor pole is less than that on the rotor yoke. Therefore, it may be possible to provide the rotor poles with ventilation ducts without significant impact on the electromagnetic behaviour of the machine. To reduce the simulation time, the number of slices being simulated is chosen to be 5. Thus, as observable in Fig. 3 , the voltage THD is close to 2%.
First, the position and the radius of circular-shaped ventilation ducts are analysed. Fig. 4 and Fig. 6 proves that the rms line to line output voltage drop (on the y-axis) is less than 1% when the position of the ducts (on the x-axis) is investigated. The output voltage is therefore not significantly affected by this parameter. In addition, the THD is very close to 2%, as shown in Fig. 5 and Fig. 7 demonstrating again no modifications on the overall generator performance due to this parameter. Considering the results shown above, it can be safely concluded that the electromagnetic performance of the machine under investigation is not affected by the presence of extra ventilation ducts on the rotor. These ducts can potentially help to reduce the rotor temperature enabling the SG to have a higher rotor magnetic loading.
Once an optimal height and radius of the circular ventilation ducts is determined to retain mechanical integrity, a triangular shaped duct is used for the same sensitivity study purpose. This triangle is an isosceles triangle symmetrical to the centre line containing the circle analysed in the previous section. It is clear from Fig. 8 that the output terminal voltage is not significantly affected by altering the magnitude of the top angle of the triangular shaped duct. The maximum voltage drop is 1.4 %. In addition, the THD of the output voltage is slightly increased by approximately 10 % compared with original design (see Fig. 3 ). However, the maximum THD of the output terminal voltage is still less than the required standard. Therefore, triangular shaped ducts do not have an evident impact on the THD and output voltage. In contrast, these ducts help to reduce the rotor temperature compared with circular shaped ducts since the surface area of the ducts is increased.
B. The Angular span of rotor poles
The effect of the angular span of rotor poles is analysed in this section. Fig. 10 shows the THD variation with the angular span of the poles. It can be observed how a span of 73 degrees presents the minimum voltage THD. In correspondence of this optimal span, the output voltage is 99.8% of the rated value, as it can be seen in Fig. 11 . The reduction of the voltage is therefore negligible compared with the rated voltage. This helps above results show that also the rotor angular span is an important parameter which can help to increase the power quality of the considered alternator. 
C. The shape of rotor poles
It is well-known that the airgap thickness represents the main machine parameter used by SG's designers to optimise the flux density harmonic content in the airgap. A nonuniform airgap along the salient poles for the machine under study is investigated to determine whether the third harmonic in the airgap flux density can be reduce. In fact, a third harmonic reduction would allow for a different short pitching being used in the machine and an ensuing increased output voltage. An equivalent airgap is defined as the mean value between the maximum and minimum airgap length. Fig. 12 shows how the third harmonic in the flux density varies by changing the equivalent airgap thickness. An increased equivalent airgap results in a lower third harmonic. This reduces the voltage THD as shown in Fig. 13 . However, the reduction in third harmonic component comes at a cost of a reduction of the available output voltage at the opencircuited terminals of stator windings. This is shown in Fig. 14.
In conclusion, altering the length of the airgap is helpful with respect to decreasing the total harmonic distortion and third harmonic. 
D. The shape of stator slots
In this section, the effects on the overall performance of the shape of the stator slots is investigated. The radius of the slot corner (see Fig. 1 ) is decreased without changing the height of the stator slots. It can clearly be seen in Fig. 15 that the voltage drop at output terminals is less than 1%, which can be compromised by increasing the field current without significantly compromising the rotor temperature. The advantage gained by having a square stator slots is that of increasing the slot area by about 9%. This allows for more conductors to be placed into the slots, which increases the effective area of copper conductor. Therefore, the overall resistance of a coil is reduced resulting in reduced stator temperatures and higher electric loading potentially applicable on the stator.
E. The tangential position of the damper bars
The existing damper bars are symmetrically displaced over the salient poles (see Fig. 1 ). Previous works [15] have shown that moving the bars along the tangential direction can be beneficial for the no-load voltage waveform, however at cost of increasing the damper cage losses. Therefore, this section investigates this aspect by studying the effects that repositioning the bars have on the voltage THD and total RMS values. All the bars shown in Fig. 1 have then been moved in a uniform direction from right hand side to the left-hand side by -6 degree to 6 degree with respect to the original position. A non-skewed model is used to retain all the harmonic contents presented in the terminal voltage. Fig. 17 indicates that the line-to-line voltage THD can be reduced by 1.5% by moving the bars tangentially to both sides by 3.3 degrees. The THD is not accompanied by an augmentation of the output voltage, as seen in Fig. 16 , meaning that no power density improvement is achievable with this technique on the considered SG.
F. The radial position of the damper bars
The depth of four damper bars placed in the middle of the poles is investigated in this section. The two bars positioned at the rotor pole tips are not moved due to the mechanical constrains. A non-skewed model is used for this analysis. The variation of output terminal voltage is less than 0.5%, while the THD is significantly varying and it has its minimum value when the distance of the bars form the airgap is at its minimum. Thus, a small amount of voltage increase leads to double the voltage THD.
Therefore, modifying the depth of the damper bars does not have an impact on increasing the output voltage available at stator terminals, while it has a great sacrifice in terms of the voltage THD. Therefore, it can be concluded that moving the damper bars along the radial direction is not a good solution for increasing the power density without resorting to other compensation aspects. IV. CONCLUSION The objective of this paper is to investigate and propose solutions aiming at increasing the power density of synchronous generators without compromising other parameters such as THD and the available terminal voltage. As vehicle for this study, a 400kVA SG has been considered and the following conclusions can be drawn  Rotor ventilation ducts can improve the SG thermal performance without compromising the terminal voltage by more than 2%.  By applying a non-uniform airgap for this machine, a significant reduction of third harmonic content by 8% is observed with a 3% reduction of the terminal voltage. This can be however compromised by increasing the field current under the allowance of rotor temperature.  Altering the tangential position of the damper bars by 3.3 degrees gives a 1.5% reduction of voltage THD. On the other hand, change in terminal voltage is 0.5% which is negligible.  Qualitatively, the square shaped slots are shown to have insignificant effect on the terminal voltage. However, new shape of slots allows extra conductors to be arranged into the slots. This helps reduce the losses in the armature windings.  Radial position of the damper bars does improve the THD, but seems to be ineffective for power density improvements.
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